Introduction {#sec0005}
============

Diarrhoea is responsible for more than 50% of mortality in dairy heifers \<1 month of age in the USA ([@bib0155]) and antimicrobial therapy is commonly recommended regardless of the aetiological agent ([@bib0165]). The reasons for this recommendation are not well established, but include prevention of bacteraemia and elimination of the suspected pathogen from the intestinal tract ([@bib0020]). However, antimicrobial therapy may not be beneficial in many (or most) cases of calf diarrhoea (e.g. diarrhoea due to viral or parasitic infections), may result in longer recovery times ([@bib0015]), and may contribute to antimicrobial resistance and environmental contamination with antimicrobial compounds ([@bib0185], [@bib0150]).

Enteral and parenteral antimicrobial agents and their metabolites can be excreted in significant amounts through faeces and urine ([@bib0035], [@bib0045], [@bib0185], [@bib0150]). Farm environmental contamination with these antimicrobial residues could reach the gastrointestinal tract of healthy untreated calves, resulting not only in maintenance and development of antimicrobial resistance, but also producing alteration of the normal gut microbial populations ([@bib0095], [@bib0110]). One approach to reduce and improve the use of antimicrobial agents on dairy farms is the application of algorithms[1](#fn0005){ref-type="fn"} to guide the user towards a more rational course of action ([@bib0015]). Simple and cost effective measures such as this could be an asset to the dairy industry to improve calf management and reduce unnecessary usage of antimicrobial agents. Therefore, the aims of the present study were to evaluate the impact of an antibiotic use algorithm on calf health (morbidity and mortality) and antimicrobial treatment rates, and to characterise the faecal microbiota of healthy calves before and after implementing the algorithm.

Materials and methods {#sec0010}
=====================

Impact of an antimicrobial use algorithm on calf health and treatment rates {#sec0015}
---------------------------------------------------------------------------

### Farms {#sec0020}

Two large commercial dairy farms located within a 120 km radius of the University of Guelph, Ontario, Canada, were selected to participate in the study on the basis of convenience, since both farms had a record keeping system for documenting health and disease events, treatment of calves and outcomes. No changes in management in the years before and after enrolment in the study were anticipated (e.g. expansion, new buildings or major changes in disease management practices); however, there was an unexpected change between use of milk replacer and pasteurised milk between study periods on both farms. The characteristics of farms identified in each period are presented in [Table 1](#tbl0005){ref-type="table"} . The production systems on both farms consisted of free stall housing with an automated milking system. The milking herds consisted of approximately 600 cows on farm 1 and 700 cows on farm 2. The average milk production was 10,300 kg/cow/year on farm 1 and 10,400 kg/cow/year on farm 2. Neither farm had a treatment protocol for diarrhoeic calves at the time of enrolment. Calves that developed diarrhoea on farm 1 were treated with three antimicrobial agents (trimethoprim-sulphadoxine, spectinomycin and lincomycin), while diarrhoeic calves on farm 2 were treated with one antimicrobial agent orally (sulphamethazine) and one parenterally (trimethoprim-sulphadoxine or sodium ceftiofur). Ethical approval for the study was obtained from the University of Guelph Animal Care Committee (approval number eAUP 3793).Table 1Farm characteristics, management practices and antimicrobial treatment protocol on two dairy farms before and after implementation of an algorithm for treatment of diarrhoeic calves.Farm 1Farm 2Before periodAfter periodBefore periodAfter periodCalves enrolled529639768842BreedHolsteinHolsteinHolsteinHolsteinSex Female (*n*)288395487585 Male (*n*)241244281257Calves from external sourcesYesYesNotNotHousing (pen)GroupGroupIndividualIndividualBeddingSawdustSawdustShavingsShavingsColostrum feeding4 L first 4 h5 L first 4 h6 L first 6 h6 L first 6 hDiet (\<30 days)Non-antibiotic pasteurised milkNon-medicated milk replacerNon-medicated milk replacerNon-antibiotic pasteurised milkVolume per feeding[a](#tblfn0005){ref-type="table-fn"}15%15%12%12%Feeding methodRobot machineRobot machineBucketBucketCalf starter[b](#tblfn0010){ref-type="table-fn"}YesYesYesYesVaccination of cows[c](#tblfn0015){ref-type="table-fn"}YesYesYesYesBCoV and *Escherichia coli* K99^+^ antibodies[d](#tblfn0020){ref-type="table-fn"}YesYesYesYesCare giversMen and womanWomanMenMen and womanIsolation of sick calvesNotYesNotYes  Antimicrobial treatment protocolSP 30 mg/kg IM every 24 h for 10 days\
+\
LCM 15 mg/kg IM every 24 h for 10 days\
+\
TMS 16 mg/kg IM every 24 h for 5 daysTMS 16 mg/kg IM every 24 h for 3 daysTMS 1920 mg PO once\
+\
CFT 2.2 mg/kg SC every 24 h for 3 days\
or\
TMS 16 mg/kg IM every 24 h for 3 daysTMS 16 mg/kg IM every 24 h for 3 days\
or\
CFT 2.2 mg/kg SC every 24 h for 3 daysNSAIDsYesYesYesYes[^1][^2][^3][^4][^5]

### Study design and outcomes {#sec0025}

Results were compared between a retrospective cohort of calves examined for 12 months before implementation of the algorithm (529 calves on farm 1 and 639 calves on farm 2) and a prospective cohort of calves examined for 12 months after implementation of the algorithm (768 calves on farm 1 and 842 calves on farm 2). Outcomes assessed before and after implementation of the algorithm were: (1) incidence of diarrhoea; (2) antimicrobial treatment rates; (3) overall mortality; and (4) mortality of diarrhoeic calves.

### Data collection {#sec0030}

Electronic and paper-based calf health records during the course of the study were reviewed and the following events occurring during the first 30 days of the life of each calf were recorded: (1) date of birth; (2) age and date at first diarrhoeic episode; (3) age and date at time of first treatment for diarrhoea; and (4) antimicrobial agents used. The outcome (survival or death) at 30 days of life was registered. When the cause of death was not registered, the following decisions were made: (1) if the calf died while being treated for diarrhoea, the death was attributed to diarrhoea; or (2) if a calf died suddenly or while being treated for another disease (e.g. pneumonia), the cause of death was not considered to be diarrhoea. In the period following implementation of the algorithm, farm staff registered the cause of death; if the cause of death was not clearly identified, a gross post-mortem examination was performed, but no additional samples were collected for laboratory examination.

### Design and implementation of the algorithm {#sec0035}

A multidisciplinary team of large animal internal medicine and infectious disease specialists, an epidemiologist and the veterinary practitioner for each farm collaborated to develop an algorithm for use of antimicrobial agents. The algorithm was designed for farmers to evaluate four main clinical signs: (1) presence of diarrhoea (defined as loose faeces that stay on top of the bedding, or watery faeces that sifts through the bedding); (2) fever (rectal temperature \> 39.5 °C); (3) haematochezia; and (4) changes in demeanour and milk intake. Depending on the presence of these clinical signs, each calf was assigned to a treatment with or without systemic administration of an antimicrobial agent ([Fig. 1](#fig0005){ref-type="fig"} ). A healthy calf was defined as a calf with normal demeanour, faecal consistency and body temperature (rectal temperature \< 39.2 °C), and no major changes in milk intake. Farm staff trained in health evaluation and use of the algorithm executed the protocol. Regular farm visits were used to communicate with personnel to ensure that there was no misunderstanding or non-compliance.Fig. 1Recommended algorithm for treatment of diarrhoea in calves \<30 days of age. ^\#^If needed, administrate oral electrolyte solution (OES) by tubing. BAR, bright, alert and responsive; NSAIDs, non-steroidal anti-inflammatory drugs; IV, intravenous; °T, temperature. Refer to [Table 1](#tbl0005){ref-type="table"} for type and doses of antimicrobial agents and NSAIDs.

Faecal microbiota of healthy calves in the period before and after implementation of the algorithm {#sec0040}
--------------------------------------------------------------------------------------------------

### Calves and sampling {#sec0045}

Management practices for both farms during the study period are summarised in [Table 1](#tbl0005){ref-type="table"}. Dietary changes occurred on both farms during the study period. On farm 1, calves were fed non-antibiotic treated, pasteurised milk during the period before implementation of the algorithm and non-medicated milk replacer in the period after implementation of the algorithm. On farm 2, calves were fed non-antibiotic treated milk replacer in the period before implementation of the algorithm and non-medicated, pasteurised milk in the period after implementation of the algorithm.

Faecal samples from 15 healthy calves \<30 days of age were collected from each farm 6 weeks to 1 week before implementation of the algorithm, along with 15 healthy calves, matched for age and farm, 12 months after implementation of the algorithm. Calves were excluded if they had experienced a previous episode of diarrhoea, had other diseases (e.g. omphalophlebitis or pneumonia) or had received antimicrobial agents previously. Calves that developed diarrhoea within 10 days after sampling were excluded and new calves were enrolled in their places. Faecal samples were obtained per rectum and stored at −20 °C.

### DNA extraction, amplification and sequencing of the bacterial 16S rRNA gene {#sec0050}

DNA extraction was performed as described by [@bib0050]. DNA was amplified with a set of oligonucleotide primers targeting the V4 region of the 16S rRNA gene with overhanging adapters for annealing to Illumina universal index sequencing adaptors ([@bib0075], [@bib0125]). The library pool was sequenced with an Illumina MiSeq (Illumina RTA v1.17.28; MCS v2.2) for 250 cycles from each end.

Statistical analysis {#sec0055}
--------------------

### Outcomes before and after implementation of the algorithm {#sec0060}

Outcomes considered for epidemiological analysis were: (1) incidence of diarrhoea; (2) antimicrobial treatment rates; (3) overall mortality; and (4) mortality of diarrhoeic calves. Differences in the risk of developing each of these outcomes were evaluated using the periods before and after implementation of the algorithm as the main exposure of interest; the effect of dietary changes on the epidemiological outcomes could not be evaluated. Cumulative incidence risk (CIR) was evaluated using the Mantel--Haenszel approach, stratifying on farm as the potential confounder. This approach was used to determine differences in the incidence of each of the four epidemiological outcomes between periods. Time to development of each outcome was evaluated using Kaplan--Meier survival curves. The log rank χ^2^ test was used to ascertain whether there were differences in the survival experiences of the calves in both periods. The null hypothesis was that the survival curves were similar in both periods. Analyses were performed using STATA data analysis and statistical software (StataCorp LP).

### Faecal microbiota analysis {#sec0065}

Mothur software package (v.1.36.1)[2](#fn0010){ref-type="fn"} was used for bioinformatic analysis ([@bib0050], [@bib0175]). Random subsampling was completed to normalise the sequence count. Sampling coverage was assessed using Good's coverage value. The inverse Simpson's, Shannon's evenness and Chao-1 indices were used to calculate α-diversity and comparisons between groups were performed using the Steel-Dwass test. The community membership and structure were assessed as described previously ([@bib0050], [@bib0175]). The differences between groups were represented by dendrograms (FigTree v1.4.0.1).[3](#fn0015){ref-type="fn"} Clustering of the groups was visualised by principle coordinate analysis (JMP 12, SAS Institute).

Relative abundances of the main phyla, Classes, Orders and Families, and the main Genera, were calculated and comparisons were performed using the Mann--Whitney *U* test (JMP 12, SAS Institute). Changes in faecal microbiota were evaluated using the period (before and after implementation of the algorithm) as the main exposure of interest. Similarly to the epidemiological analysis, the effect of specific management practices, such as the changes in diet between periods of assessment, could not be determined using this approach.

Benjamini and Hochberg's false discovery rate (FDR) ([@bib0010]) was used to adjust *P* values for multiple comparisons (R! Core Team, 2013).[4](#fn0020){ref-type="fn"} Bacterial taxa enriched in faeces in each period were identified using linear discriminant analysis effect size (LEfSe) ([@bib0115]), based on *P*  \< 0.05 and a linear discriminant analysis (LDA) score \> 3,0 using the online Galaxy workflow framework.[5](#fn0025){ref-type="fn"} The number of different meta-communities (enterotypes) that the data could be clustered into was determined using the Dirichlet multinomial mixture model (DMM) ([@bib0060]). Random forests classifier (RFC) ([@bib0080]) was also used to determine whether a set of predictive features could be used to accurately identify samples from each period, farms and farms/periods. Data were made publically available at the National Centre for Biotechnology Information (NCBI) Sequence Read Archive[6](#fn0030){ref-type="fn"} under accession number SUB2017706.

Results {#sec0070}
=======

Farms, calves and management practices {#sec0075}
--------------------------------------

Demographic characteristics, and selected farm practices identified on farms 1 and 2 in each period are presented in [Table 1](#tbl0005){ref-type="table"}. In the period before implementation of the algorithm, diarrhoeic calves from farm 1 received three different antimicrobial agents concurrently, whereas two antimicrobial agents were used on farm 2 ([Table 1](#tbl0005){ref-type="table"}). In the period after implementation of the algorithm, all diarrhoeic calves were treated according to the antimicrobial use algorithm ([Table 1](#tbl0005){ref-type="table"}; [Fig. 1](#fig0005){ref-type="fig"}).

Antimicrobial use algorithm and outcomes {#sec0080}
----------------------------------------

Data for antimicrobial treatment rates, incidence of diarrhoea, and overall mortality and mortality of diarrhoeic calves, on both farms for each period are presented in [Table 2](#tbl0010){ref-type="table"} . On both farms, there was a marked reduction in the cumulative risk of administering antimicrobial treatment following implementation of the algorithm ([Table 3](#tbl0015){ref-type="table"} ). The CIR of antimicrobial treatment for diarrhoea in the period after implementation of the algorithm was 81% lower than in the period before implementation (incidence risk ratio, IRR, 0.19, 95% CI 0.17--0.21; *P \<*  0.01) and these estimates were similar between farms. On farm 1, the CIR of diarrhoea was 19% lower following implementation of the algorithm (IRR 0.81; 95% CI 0.77--0.85; *P \<*  0.01), but there was no difference in CIR before and after implementation of the algorithm on farm 1 (IRR 1.0, 95% CI 0.97--1.04; *P*  = 0.67). The risk of mortality of diarrhoeic calves was lower after implementation of the algorithm on farm 2 (IRR 0.48, 95% CI 0.26--0.90; *P*  = 0.05). There was no significant difference in overall mortality before and after implementation of the algorithm ([Table 3](#tbl0015){ref-type="table"}).Table 2Number of calves (and age), calves with diarrhoea, calves treated with antimicrobial agents, overall mortality (and age) and mortality of diarrhoeic calves on two dairy farms before and after implementation of an algorithm for treatment of diarrhoeic calves.Farm 1Farm 2BeforeAfterBeforeAfterNumber of calves enrolled529639768842Age of calves with diarrhoea8 (1--10)10 (1--30)8 (0.5--30)10 (1--30)Number of diarrhoeic calves509497693765Calves treated with antimicrobial agents504125671126Age at death22 (3--30)23 (13--30)21 (10--30)15 (1--30)Calf deaths23372817Number of diarrhoeic calf deaths20312814[^6]Table 3Difference in the risk of antimicrobial treatment, development of diarrhoea, overall mortality and mortality in diarrhoeic calves before and after implementation of the algorithm.Risk (before)Risk (after)Incidence risk ratio95% confidence interval*P* valueLowerUpperAntimicrobial treatment incidenceFarm 10.950.200.200.170.24\<0.01Farm 20.870.150.170.140.20\<0.01Crude0.190.170.21\<0.01Combined0.910.170.190.170.21Homogeneity of IRR across strata *P* = 0.11  Incidence of diarrhoeaFarm 10.960.780.810.770.85\<0.01Farm 20.900.911.000.971.040.67Crude0.920.900.94\<0.01Combined0.930.85NANANAHomogeneity of IRR across strata *P \<* 0.01  Overall mortalityFarm 10.0430.0581.330.802.210.29Farm 20.0360.0240.650.371.150.06Crude0.980.671.420.69Combined0.0390.0380.970.671.40Homogeneity of IRR across strata *P* = 0.06  Mortality of diarrhoeic calvesFarm 10.0390.0621.590.922.740.11Farm 20.0400.0190.480.260.900.01Crude0.910.611.360.79Combined0.0400.036NANANAHomogeneity of IRR across strata *P \<* 0.01[^7]

Survival curves indicated that calves raised before implementation of the algorithm were more likely to be treated with antimicrobial agents than those raised after implementation of the algorithm ([Fig. 2](#fig0010){ref-type="fig"} ). The time to treatment with antimicrobial agents was different between study periods on both farms and overall (log rank *P \<*  0.01; [Fig. 2](#fig0010){ref-type="fig"}). Calves developed diarrhoea at an older age after implementation of the algorithm on both farms (log rank *P* value \< 0.01; [Fig. 2](#fig0010){ref-type="fig"}). There were no significant differences in the time to death (overall mortality and mortality of diarrhoeic calves) between the periods before and after implementation of the algorithm (log rank *P \>*  0.05; [Fig. 2](#fig0010){ref-type="fig"}).Fig. 2Kaplan--Meier estimates of time to onset of diarrhoea (A), antimicrobial treatment (B), overall time to mortality (C) and time to mortality of diarrhoeic calves (D) in before (solid lines) and after (dashed lines) implementation of the algorithm. *P* values were obtained from the log rank χ^2^ test.

Faecal microbiota {#sec0085}
-----------------

### Calves {#sec0090}

The age distribution (in days) of healthy calves included in this study for microbiota assessment was similar within and between farms for both periods before and after implementation of the algorithm. On farm 1, the mean ages of calves were 8 ± 2 and 9 ± 2 days before and after implementation of the algorithm, respectively; on farm 2, the mean ages of calves were 8 ± 3 days and 8 ± 2 days, respectively (*P* values \> 0.05 for all comparisons).

### Metrics {#sec0095}

A total of 2,023,382 reads were obtained, with a mean of 66,352 reads per calf (median 66,352; range 12,343--141,990; standard deviation 28,891). A random subsample of 12,343 reads per sample was used to normalise the data. Subsampling was considered to be adequate, as evidenced by Good's coverage obtained for all samples (median 99.7%; range 99.2--99.9%).

### α Diversity indices {#sec0100}

In the period after implementation of the algorithm, there was a significant increase in richness (farms 1 and 2) and diversity (farm 1) of the faecal microbiota of healthy calves ([Fig. 3](#fig0015){ref-type="fig"} ).Fig. 3Chao-1 (richness, A), Shannon-evenness (evenness, B) and inverse-Simpson (diversity, C) indices observed in healthy calves before and after implementation of the algorithm. F1, farm 1; F2, farm 2. \**P* \< 0.001; \*\**P* = 0.01.

### Relative abundances {#sec0105}

Twenty-eight different phyla were identified; Firmicutes, Actinobacteria, Proteobacteria and Bacteroidetes accounted for more than 88% of sequences (see Appendix: Supplementary Fig. 1). Changes in the relative abundances of the main phyla are presented in [Table 4](#tbl0020){ref-type="table"} and Appendix: Supplementary Fig. 1. The relative abundance of Bacteroidetes was significantly higher in the period after implementation of the algorithm than in the period before implementation on both farms. On farm 2, the relative abundance of Proteobacteria was significantly lower in the period after implementation of the algorithm.Table 4Relative abundance (median in percentage and ranges) of the main phyla (\>1%), Classes (\>0.7%) and Orders (\>1% of the total of sequences) identified in faeces of healthy calves from farms 1 and 2 before and after implementation of the algorithm.TaxonFarm 1 beforeFarm 1 afterAdjusted *P* valueFarm 2 beforeFarm 2 afterAdjusted *P* valuePhylaFirmicutes60 (24--86)57 (13--85)0.09340 (1--64)53 (32--63)0.213Actinobacteria19 (3.4--55)12 (2--25)0.00218 (3--87)10 (1.5--47)0.02Bacteroidetes0.6 (0.02--7)4 (1--10)0.4261 (0.01--15)13 (0.2--37)0.036Proteobacteria9 (3--36)17 (3--82)0.45535 (3--65)19 (7--43)0.036Verrucomicrobia0 (0--1)0.04 (0.01--0.1)0.0010 (0--14)0.1 (0.01--0.8)0.046  ClassClostridia41 (9--72)29 (8--49)0.01744 (1.5--53)28 (0.8--44)0.052Actinobacteria12 (2--25)19 (3.4--55)0.05810 (1.5--47)18 (2.5--87)0.250Gammaproteobacteria9 (1--36)7 (2.5--36)0.93314 (5--42)34 (3--65)0.016Bacilli10 (4--22)33 (2--75)0.02511 (3.5--44)11 (0.5--37)0.335Bacteroidia3.5 (1--9)0.5 (0.01--7)0.00313 (0.05--37)0.7 (0.01--14)0.013Epsilonproteobacteria0.8 (0.01--43)0 (0--11)0.0100.01 (0--1)0 (0--2)0.028Betaproteobacteria1.6 (0.4--3.4)0.7 (0.01--3.8)\<0.0011.2 (0.1--7)0.01 (0--14)0.332Verrucomicrobiae0.03 (0.01--0.2)0 (0--1)0.0010.08 (0.01--0.7)0 (0--14)0.058Alphaproteobacteria0.5 (0.3--13)0 (0--0.1)\<0.0010.4 (0.1--10)0 (0--0.01)\<0.001Deltaproteobacteria0.1 (0.01--2)0 (0--0.03)\<0.0010.02 (0.01--0.2)0 (0--0.3)0.001  OrderClostridiales29 (8--49)41 (8--72)0.01928 (1--44)44 (1.5--53)0.041Lactobacillales33 (2--75)9 (3--19)0.01911 (0.3--37)9 (2--41)0.455Bifidobacteriales33 (2--75)3 (0.3--20)0.01317 (2--82)13 (0.4--46)0.241Enterobacteriales5 (1.6--26)0.6 (0.2--14)\<0.00123 (3--65)3 (0.4--11)\<0.001Pasteurellales1 (0.04--19)5 (0.3--34)0.0291 (0.02--25)9 (0.1--39)0.09Bacteroidales0.5 (0.01--7)4 (1--9)0.0030.7 (0.01--14)13 (0.05--37)0.008Coriobacteriales6 (0.2--13)3 (0.6--17)0.08728 (1--44)44 (1.5--53)0.031Campylobacterales0 (0--11)0.8 (0.01--43)0.0091 (0--6)0.2 (0--1)0.022Burkholderiales0.6 (0--4)2 (0.2--3)0.3700 (0--2.5)0.01 (0--1)\<0.001Actinomycetales0.6 (0--5)1 (0--15)0.0190 (0--1)1 (0.1--7)0.002[^8]

Sixty-seven different Classes, 119 Orders and 252 Families were identified; 12 Classes, 19 Orders and 28 Families accounted for ≥0.1% of sequences. The relative abundances of the 10 most abundant bacterial taxa (Class, Order, Family) identified in faeces in the periods before and after implementation of the algorithm are presented in [Table 4](#tbl0020){ref-type="table"}, [Table 5](#tbl0025){ref-type="table"} . Overall, 696 Genera were detected; 92 Genera were present at relative abundances of \>0.01%. Changes in the relative abundances of the most abundant Genera in each period are presented in [Table 5](#tbl0025){ref-type="table"} and Appendix: Supplementary Fig. 4.Table 5Relative abundance (median in percentage and ranges) of the Families (\>1%) and Genera (\>2.5% of the total of sequences) identified in faeces of healthy calves from farms 1 and 2 during the before and after period.TaxaFarm 1 beforeFarm 1 afterAdjusted *P* valueFarm 2 beforeFarm 2 afterAdjusted *P* valueFamilyRuminococcaceae9 (0.8--24)19 (3--33)0.00915 (0.3--31)17 (0.3--41)0.733Lactobacillaceae31 (2--74)7 (0.3--13)0.00910 (0.3--36)7 (0.2--37)0.966Bifidobacteriaceae13 (0.4--46)4 (0.3--20)0.01316 (2--82)10 (0.4--45)0.270Lachnospiraceae12 (2--44)20 (5--42)0.1865 (0.1--27)10 (0.3--20)0.435Enterobacteriaceae5 (2--30)0.5 (0.2--14)\<0.00123 (3--65)3 (0.4--11)\<0.001Pasteurellaceae1 (0.04--19)5 (0.3--34)0.0310.9 (0.02--25)9 (0.4--11)0.099Bacteroidaceae0.5 (0.01--7)2 (0.9--9)0.0090.7 (0.01--14)13 (0.04--37)0.014Clostridiaceae_10.3 (0--7)0.1 (0.05--6)0.5510.2 (0--17)0.1 (0--41)0.966Coriobacteriaceae6 (0.3--13)3 (0.6--17)0.0931 (0--6)0.2 (0--1.4)0.036Campylobacteraceae0 (0--11)0.8 (0.01--43)0.0090 (0--2.5)0 (0--1)0.086  Genera*Lactobacillus*31 (2--74)7 (0.3--12)0.0139 (0.3--36)7 (0.2--37)0.988*Bifidobacterium*13 (0.4--46)3 (0.3--20)0.01717 (2.5--82)10 (0.4--45)0.298*Escherichia_Shigella*5 (1.5--29)0.3 (0.1--14)0.00123 (2.5--65)3 (0.4--11)\<0.001*Faecalibacterium*0.8 (0.1--26)13 (0.7--19)0.0170.7 (0--20)9 (0.01--28)0.117*Gallibacterium*1.3 (0.04--19)4 (0.3--34)0.0610.1 (0--11)9 (0.04--39)0.009*Bacteroides*0.5 (0.01--7)2.5 (0.9--9)0.0130.7 (0.01--14)13 (0.04--37)0.017*Butyricicoccus*4 (0.2--8)2 (0.8--14)0.2268 (0--23)4 (0--20)0.378Unclassified Lachnospiraceae3 (0.6--10)5 (1--11)0.2900.9 (0.02--4)4 (0.1--14)0.009*Clostridium*\_sensu_stricto0.2 (0--1)0.1 (0.04--6)0.8980.2 (0--16)0.1 (0--40)0.873[^9]

### Linear discriminant analysis effect size {#sec0110}

Enriched phylotypes in faeces of calves in each period are presented in [Fig. 4](#fig0020){ref-type="fig"} A (farm 2) and Appendix: Supplementary Fig. 3A (farm 1). The Genera that were enriched in faecal samples in the period before and after implementation of the algorithm are presented in [Fig. 4](#fig0020){ref-type="fig"}B (farm 2) and Appendix: Supplementary Fig. 3B (farm 1).Fig. 4(A) Cladogram plotted from linear discriminant analysis effect size (LEfSe) analysis showing the taxonomic levels represented by rings with phyla in the outermost ring and Genera in the innermost ring. Each circle is a member within that level. Taxa in each level are coloured by the farm from which they are more abundant, indicated by a linear discriminant analysis (LDA) score of 3 (*P* \< 0.05). (B) Plot from LEfSe analysis indicating enriched bacterial Genera in faeces of healthy calves before (green) and after (red) implementation of the algorithm. F1, farm 1; F2, farm 2.

### Population analysis {#sec0115}

There were significant differences in community membership (Jaccard index) and community structure (Yue and Clayton index) of faecal microbiota between the periods before and after implementation of the algorithm (see Appendix: Supplementary Table 1). These differences can be visualised in the dendrograms ([Fig. 5](#fig0025){ref-type="fig"} ) and PCoA plots (see Appendix: Supplementary Fig. 4).Fig. 5Dendrograms representing the similarity of community structure (Yue and Clayton index, A) and membership (Jaccard index, B) in faecal samples collected from healthy calves before (farm 1, purple; farm 2, green) and after (farm 1, blue; farm 2, red) implementation of an algorithm for antimicrobial treatment.

### Meta-communities and random forest classifier analyses {#sec0120}

Using the DMM, two meta-communities (enterotypes) were identified; the first group of enterotypes comprised all faecal samples collected before implementation of the algorithm, while the second group of enterotypes contained all samples obtained in the period after implementation of the algorithm. The RFC analysis identified a 0% error rate for classifying samples (based on the taxa identified in each sample) into the appropriate period (before and after implementation of the algorithm), with a 6% error rate for classifying samples into the appropriate farm or farm/period. These results indicated that RFC had a stronger ability to separate samples by the appropriate period rather than into the appropriate farm or farm/period.

Discussion {#sec0125}
==========

The implementation of an algorithm for treatment of diarrhoea targeting systemically ill calves resulted in a reduction in antimicrobial treatment rates of 80%, with no identifiable negative impacts on clinical outcome. Few clinical trials have investigated the effectiveness of protocols to reduce and refine antimicrobial treatment in pre-weaned calves. A clinical trial investigating the effect of conventional therapy on the health and growth of calves on one farm (four antimicrobial agents administered to any diarrhoeic calf) and targeted therapy (two antimicrobial agents administered to diarrhoeic calves with depression or fever) failed to detect differences in morbidity and mortality rates between groups ([@bib0015]). Furthermore, the conventional therapy group had 70% more days of diarrhoea than the targeted therapy group. Similarly, our study demonstrated that targeting antimicrobial therapy to calves that are systemically affected is a feasible approach to decrease the use of antimicrobial agents in diarrhoeic calves, with possible beneficial effects on health (fewer days of diarrhoea) ([@bib0015]).

Historically, farmers and veterinary practitioners have been concerned that delayed or non-treatment with antimicrobial agents could have a negative impact on calf health and welfare. However, in our study, targeting therapy to systemically ill diarrhoeic calves resulted in lower rates of antimicrobial treatment, without a negative effect on the overall morbidity and mortality attributed to diarrhoea. Similar results have been documented in some European countries, in which the use of antimicrobial agents in farm producing animals has decreased by \>50%, with a minor impact on health and productivity ([@bib0180], [@bib0005], [@bib0140]). Possible reasons for the lack of adverse effects include improvements in diet, including the quality and quantity of colostrum, water quality, housing and environmental conditions. Improving feed quality in pig production can contribute to reduced antimicrobial use and maintenance of animal health ([@bib0100]). Poor housing conditions are an impediment to decreasing antimicrobial use in pig farms in the United Kingdom ([@bib0030]). Improvements in housing and environment are important for prevention of disease in dairy cows ([@bib0085], [@bib0160]). Changes in the behaviour of veterinarians and farmers towards the usage of antimicrobials in calves, including focussing efforts on preventative measures (e.g. optimal housing and hygiene practices, climate control, and improved feed and water quality), with the aim to enhance the health of calves and the quality of the environment, may contribute to the reduction in antimicrobial use without a negative impact on the health of calves.

Differences in bacterial membership and structure of the faecal microbiota of calves in the periods before and after implementation of the algorithm were evident on both farms. Diet, pathogen occurrence, environmental factors (e.g. season) and reduction in antimicrobial treatment rates could have influenced the composition of gut microbiota and could play a role in the observed temporal changes ([@bib0065], [@bib0105]). Our statistical analyses used the period before and after implementation of the algorithm as the main exposure of interest. This approach meant that we could not differentiate the effects of dietary changes from the reduction in antimicrobial treatment rates on the faecal microbiota of healthy calves. The DMM analysis identified the presence of two groups of enterotypes comprising all samples from the period before and after implementation of the algorithm, respectively, irrespective of the farm of origin, and the RFC analyses had a perfect ability to separate samples into their appropriate period (0% error rate). In addition, the results of the LEfSe analyses demonstrated that the changes on faecal microbiota were similar in both farms in the period after implementation of the algorithm. These results suggest that a factor common to both farms, i.e. the reduction in antimicrobial treatment rates, may have contributed to changes in the faecal microbiota after implementation of the algorithm. Although dietary changes occurred on both farms, the nutritional source was also different between farms (the diet was changed from non-antibiotic treated pasteurised milk to non-medicated milk replacer on farm 1, while the diet was changed from non-antibiotic treated milk replacer to non-medicated pasteurised milk on farm 2). If the dietary changes had a major role in the observed changes, the DMM would have been expected to identified enterotypes based on diet rather than period (e.g. all calves fed non-antibiotic treated pasteurised milk on farm 1 before implementation of the algorithm and farm 2 after implementation of the algorithm might be expected to be similar, and vice versa) ([@bib0060]). In addition, RFC would have been expected to assign samples to farm/period rather than to period ([@bib0080]).

Whilst an impact of antimicrobial agents on calves has been demonstrated previously ([@bib0130], [@bib0055]), the potential changes in the faecal microbiota of healthy calves from farms having a marked reduction in antimicrobial treatment rates associated with the use of treatment algorithms has not been reported previously. The reduction in antimicrobial treatment rates and dietary changes on both farms after implementation of the algorithm were associated with decreased representation of members of the Phylum Proteobacteria (Family Enterobacteraceae and Genera *Escherichia-Shigella*) in the faecal flora of calves. The higher representation of Proteobacteria in healthy calves in period before implementation of the algorithm was unexpected, because enrichment with members of this Phylum has been associated with intestinal dysbiosis in other species ([@bib0025], [@bib0145], [@bib0120]), as well as diarrhoea in dairy calves ([@bib0050]). Marked differences in the faecal microbiota of healthy beef calves have been identified among farms, with some farms having Firmicutes-dominant microbiota and others Proteobacteria-dominant microbiota; in general, higher Proteobacteria levels were present on farms with high usage of antimicrobial agents ([@bib0175]). These results are aligned with the hypothesis that antimicrobial agents can have a broader or cumulative impact on farms, where regular use results in the development of a particular microbiota in those calves, regardless of their individual antimicrobial exposure ([@bib0175]).

The marked reduction in antimicrobial treatment rates and dietary changes also coincided with a significant increase of the *Bacteroides* and multiple butyrate-producing bacteria (*Faecalibacterium* and unclassified Genera from the Families Lachnospiraceae and Ruminococcaceae). These Genera have been associated with 'gut health' in different species, including human beings ([@bib0135]), horses ([@bib0170]), dogs ([@bib0145]) and calves ([@bib0090]). We speculate that a reduction in the use of antimicrobial agents and changes in the dietary source may have had a beneficial effect on the gut microbiota of calves by favouring taxa associated with 'gut health' (*Bacteroidetes* and butyrate-producing bacteria) over those associated with dysbiosis (Proteobacteria).

The specific changes (especially at the Genus level) in microbiota were not consistent between the two farms. One possible explanation is impact of the geographic location and management practices within the farms. Differences in the faecal microbiota of healthy calves from different farms have been demonstrated previously ([@bib0050]). Earlier studies based primarily on animals from single farms demonstrated a large degree of inter-farm variation of faecal microbiota ([@bib0090], [@bib0070]). Therefore, the variance in the faecal microbiota of healthy calves from different farms must be considered when designing and interpreting studies of microbiota in calves.

Differences in the occurrence of pathogens could have also contributed to the specific changes identified on faecal microbiota. In cattle, Johne's disease caused by *Mycobacterium avium* subsp. *paratuberculosis* is associated with increased Proteobacteria and reduced Firmicutes and Bacteroidetes ([@bib0040]). Similar changes on gut microbiota were identified in calves with undifferentiated neonatal diarrhoea ([@bib0050]).

A limitation of this study is that the two clinical algorithms were not implemented concurrently on the two farms and thus results could have been confounded by other time-dependent variables, such as environment, husbandry and other health management practices. To reduce possibility of confounding, the inclusion criteria aimed to include only herds that had no plan to change treatment and prevention protocols. Although a randomised field trial with concurrent treatment arms within the same source population would have been the preferred design, its implementation was not possible because of the cost and effort required from farmers and veterinarians (e.g. farmers were willing to follow only one simple treatment protocol). Another major limitation is that the confounding effects of changes in diet between periods on both farms could not be evaluated. However, the results of statistical analyses (i.e. DMM and RFC) suggested that the reduction in antimicrobial treatment rates was the variable with the main effect on the observed changes.

Conclusions {#sec0130}
===========

The use of an algorithm for treatment of calf diarrhoea decreased the rates of antimicrobial treatment on two dairy farms without an adverse effect on the health of the calves. Management practices and reduction in antimicrobial treatment rates at the farm level could have an impact on the development and establishment of faecal microbiota of healthy calves.
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The following are Supplementary data to this article:Supplementary Table 1 P values obtained from UNIFRAC, AMOVA and Parsimony analysis comparing community membership and structure of faecal samples of healthy calves during the before and after period. Supplementary Fig. 1 Median relative abundance of the main bacterial phyla (\>1% of the total of sequences) in faeces of healthy calves from farms 1 and 2 before and after implementation of the algorithm for antimicrobial treatment (*n* = 15 per group). Supplementary Fig. 2 Median relative abundance of the main bacterial Genera (\>0.75% of the total of sequences) in faeces of healthy calves from farms 1 and 2 before and after implementation of the algorithm for antimicrobial treatment (*n* = 15 per group). Supplementary Fig. 3 (A) Cladogram plotted from linear discriminant analysis effect size (LEfSe) analysis, showing the taxonomic levels represented by rings, with phyla in the outermost the ring and Genera in the innermost ring. Each circle is a member within that level. Taxa in each level are coloured by the farm for which they are more abundant, indicated by a linear discriminant analysis (LDA) score of 3 (*P* \< 0.05). (B) Plot from LEfSe analysis indicating enriched bacterial Genera in faeces of healthy calves on farm 1 before (green) and after (red) implementation of the algorithm. F1, farm 1; F2, farm 2. Supplementary Fig. 4 Three-dimensional principal coordinates analyses of the community membership (Jaccard Index, A) and structure (Yue and Clayton index, B) of faecal samples of healthy calves before (farm 1, purple; farm 2, green) and after (farm 1, blue; farm 2, red) implementation of an algorithm for antimicrobial treatment.
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[^1]: TMS, trimethoprim-sulphamethazine; CFT, sodium ceftiofur; SP, spectinomycin; LCM, lincomycin; TMS, trimethoprim-sulphadoxine; PO, perorally; SC, subcutaneously; IM, intramuscularly, NSAIDs, Non-steroidal anti-inflammatory drugs.

[^2]: Percentage of body weight.

[^3]: Medicated with decoquinate.

[^4]: On both farms, cows were vaccinated against bovine rotavirus and coronavirus (BCoV) 4 weeks before calving.

[^5]: On both farms, calves were administered bovine coronavirus (BCoV) and *Escherichia coli* antibodies, orally, immediately after birth.

[^6]: Age presented as median and range in brackets.

[^7]: IRR, incidence risk ratio; NA, not applicable because of non-homogeneity of IRR across strata.

[^8]: *P* values adjusted based on the Benjamini and Hochberg false discovery rate.

[^9]: *P* values adjusted based on the Benjamini and Hochberg false discovery rate.
